Abstract Purpose: Animal models of breast cancer metastases that recapitulate the pattern of metastatic progression seen in patients are lacking; metastatic breast cancer models do not currently exist for evaluation of immune-mediated therapies. We have developed and characterized a preclinical model for the evaluation of immune-mediated metastatic breast cancer therapies. Experimental Design: The NT2.5 mammary tumor cell line was injected into the left cardiac ventricle of immunotolerant transgenic neu-N mice and athymic nu/nu mice. Metastatic progression was monitored by bioluminescent, small-animal magnetic resonance imaging, positron emission tomography, single-photon emission computed tomography/computed tomography imaging, and also by histopathology. Antigen expression in normal organs and tumor metastases was evaluated by Western blot analysis and flow cytometry. Results: Left cardiac ventricle injection of NT2.5 cells yielded widespread metastases in bones, liver, and spleen. Three to four weeks after injection, mice exhibited hind limb paralysis and occasional abdominal enlargement. Bioluminescence imaging of metastatic progression was successful in nude mice but the bioluminescent cells were rejected in immunocompetent mice. Other imaging modalities allowed successful imaging of nonbioluminescent cells. Small-animal positron emission tomography imaging allowed visualization of disease, in vivo, in the bones and liver. Magnetic resonance imaging revealed initial dissemination of the tumor cells to the bone marrow. Small-animal single-photon emission computed tomography/computed tomography imaging identified metastatic bone lesions targeted by a radiolabeled antibody. Conclusion: The model closely recapitulates the pattern of metastatic spread in breast cancer. This immunotolerant metastatic model is a novel addition to existing breast cancer models and coupling the model with in vivo imaging greatly facilitates the evaluation of targeted immunotherapies of metastasis.
Treatment failure in cancer is largely the failure to control or eliminate metastatic dissemination. Breast cancer patients with distant metastases at diagnosis have a diasheartening 26.7% five-year survival rate (1) . At autopsy, 50% of breast cancer patients show metastatic disease in bone, lung, liver, lymph nodes, or pleura (2, 3) . Multiple sites of disseminated disease are also commonly observed in f45% of patients (3) . Agents that target breast cancer must therefore be tested against animal models that recapitulate the metastatic dissemination seen in breast cancer patients.
Existing genetic murine models were developed to study tumorigenesis, such as MMTV-HER-2/neu (4), MMTV-PyV mT (5), WAP-p53 (6) , and MMTV-TGF-h (7) . Most of these models form spontaneous mammary tumors as well as pulmonary and lymph node metastases, but rarely bone or liver metastases. Tumors induced by chemical carcinogens, such as N-ethyl-N-nitrosourea, do not progress to widespread metastases (8) . Orthotopic transplantation of human tumors into severe combined immunodeficient mice has been shown to induce widespread metastases, including bone, lung, and liver metastases (9 -11) . I.v. or intracardiac injection of human xenograft tumor cells in severe combined immunodeficient mice has also been used to induce lung metastases or bone metastases and has been used to determine genetic profiles associated with cell metastatic potentials (12) . These xenograft models are very useful in elucidating the genetic root of tumor cell metastatic behavior.
In the investigation of targeted immunotherapies, however, these models are suboptimal because the human tumor xenografts exclusively express the targeted markers; this is not typically the case in clinical studies. More importantly, the immune system has been shown to be actively involved in both metastatic tumor killing through antibody-dependent cell-mediated cytotoxicity and metastases progression through immune editing and tumor escape of immune surveillance (13) . Metastases in these immunodeficient mice, therefore, cannot faithfully mimic the complex tumor microenvironment due to lack of immune cell involvement. Bioluminescence-and fluorescence-based in vivo imaging has been widely used to monitor metastatic progression and drug response in mouse models (14, 15) . The presence of foreign genes products, such as luciferase and green fluorescent protein, however, will induce host immune response in immunocompetent mice that complicates evaluation of response from immunotherapy.
In this study, we describe and characterize a mouse model of widespread metastatic dissemination, including liver and osteolytic bone metastases from an endogenously derived, rat HER-2/neu -expressing mammary carcinoma cell line. The model is based on the immunocompetent neu-N transgenic mouse model that was developed by Guy et al. (4) and expresses nontransforming rat neu cDNA under the control of a mammary specific MMTV enhancer. The neu-N model expressing wild-type neu has been extensively studied to dissect the neu tyrosine kinase -mediated signaling pathways in tumorigenesis and has helped identify the key mutation that activates the neu oncogene (16, 17) . Observing the stochastic appearance and multistep induction of mammary tumors in the neu-N model, Reilly et al. (18) hypothesized and showed the immunotolerance to neu in this neu-N model. The neu-N model has since been used to study the mechanism of peripheral tolerance and possible therapeutic approaches to overcome such tolerance (19, 20) . Using this established immunotolerant transgenic mouse model, we injected endogenously derived mammary carcinoma cells through the left cardiac ventricle and these neu-N mice developed widespread metastases to the bone marrow, liver, and spleen, leading to animal death after f4 weeks of disease progression. To assess the level of cross-reactivity and potential normal organ toxicity following targeted therapy, the normal tissue expression of HER-2/neu was measured. To characterize metastatic progression, we transfected the syngeneic cell line with luciferase and found that metastatic progression of transfected cells was very slow in the immunocompetent neu-N mice; the same cells led to rapid metastatic dissemination in immunodeficient nude mice. Metastatic progression was instead characterized, in vivo, by imaging using magnetic resonance imaging (MRI), small-animal positron emission tomography (PET), and small-animal singlephoton emission computed tomography/computed tomography (SPECT/CT; refs. 21, 22) .
This immunotolerant metastatic mouse model is a useful addition to existing metastatic animal models and can serve as a relevant preclinical model for studying targeted radionuclide therapy and other active and passive immunotherapies.
Materials and Methods
Mice, cell lines, and mAbs. Rat HER-2/neu transgenic mice (neu-N; ref. 4) , at 6 to 8 wk of age, were obtained from Harlan Bioproducts for Science, Inc. All animal experiments were approved by the Animal Care and Use Committee of The Johns Hopkins University School of Medicine (Baltimore, MD). The rat HER-2/neu -expressing mouse mammary tumor cell line, NT2.5, was established from spontaneous mammary tumors in female neu-N mice (18) . A cell line (NT4) that does not express HER-2/neu was derived similarly. The NT lines are grown in RPMI containing 20% fetal bovine serum, 0.5% penicillin/ streptomycin (Invitrogen), 1% L-glutamine, 1% nonessential amino acids, 1% sodium pyruvate, 0.02% gentamicin, and 0.2% insulin (Sigma) and maintained at 37jC in 5% CO 2 . The hybridoma cell line for mouse anti-rat HER-2/neu monoclonal antibody (mAb), 7.16.4, was kindly provided by Dr. M. Greene (University of Pennsylvania, Philadelphia, PA). The 7.16.4 mAb collected from ascites of athymic mice was purified by a HiTrap protein G column (GE Healthcare Biosciences), using a Biologic LP purification system (Bio-Rad), and dialyzed into PBS using Centricon YM-10 filter units (Millipore In (MDS Nordion) following a published procedure (23) .
111 In-7.16.4 was diluted 10 times in PBS and fetal bovine serum and incubated at 37jC and 4jC, respectively, for both diluents. Stability of the construct at 24, 48, 72, and 96 h after labeling was determined by instant TLC.
111
In-7.16.4 in serial increments of concentration (from 0.01 to 10 Ag/mL) was incubated with NT2.5 cells (1.0 Â 10 6 ) for 1 h on ice and the bound and unbound fraction of the construct was determined with a g-scintillation counter (CompuGamma CS, Pharmacia) following three washes with PBS. The equilibrium binding curve of bound/free mAb versus bound mAb concentration was fitted and the number of binding sites, B max , and binding affinity constant, K D , were calculated. To determine the rate of internalization, the 111 In-7.16.4 construct was incubated with NT2.5 cells on ice and at 5, 30, 60, 120, 240, 360, and 1,440 min; incubation was terminated and the surface-bound mAb was 5 NT2.5Luc+ cells in nude mice. A, mice were imaged with the IVIS 200 imaging system at days 0, 7, 14, and 21after tumor cell injection. B, a circular region of interest with fixed area was drawn around the left and right femoral-tibial joint area near the femoral-tibial joints and total photon flux per second was quantified over the imaged period. C, flow cytometric analysis of HER-2/neu expression on cells harvested from distal femur of the femoral-tibial joint area of imaged mice. Cells were selected for neo resistance. Unstained NT2.5 cells were used as a control.
stripped with 150 mmol/L NaCl/50 mmol/L glycine (pH 2.0; Sigma) for 10 min; and the internalized fraction was counted by g-scintillation counter following three washes with PBS.
Left cardiac ventricular injection. neu-N mice, 6 to 8 wk of age, were anesthetized with a ketamine (90 mg/kg) and xylazine (10 mg/kg) mixture. NT2.5 cells (1.0 Â 10 5 ) suspended in 100 AL cold PBS were injected into the left cardiac ventricle of neu-N mice following a published procedure (24) . Successful injection was indicated by a pulsatile bright red blood into the 26-1/2G needle fitted with a 1.0-cm tuberculin syringe; successful injection was also confirmed, retrospectively, by the lack of abnormal tumor mass growth in the pleural cavity 3 wk after injection. Bioluminescence imaging. The NT2.5 cells were cotransfected with 0.5 mg empty pcDNA3.1+ (Invitrogen) and 3.0 mg pGL3-Luc reporter vector (Promega) using 3 AL FuGene6 transfection reagent (Roche) in 50 AL Opti-MEM medium (Invitrogen). In vitro and in vivo selection of the transfected clones was done with an IVIS 200 Imaging System (Xenogen). Clones with strong bioluminescence signals (50 Ag/mL luciferin-EF, Promega) were expanded and injected s.c. in nude mice for in vivo selection. Clones with the ability to form tumors were used for left cardiac ventricular injection. Metastatic disease progression in nude mice was followed weekly following left cardiac ventricular injection. Ten minutes before imaging, mice were anesthetized with 2.5% isoflurane (Abbott Laboratory) and injected i.p. with 50 mg/kg luciferin-EF. Imaging acquisition time ranged from 0.5 s to 1 min depending on the intensity of the bioluminescence signal. Images were analyzed and quantified with Living Image 3D software (Xenogen).
Small-animal in vivo MRI, positron emission tomography, and SPECT/ CT imaging. Three weeks after left cardiac ventricular injection, mice were imaged by MRI, small-animal positron emission tomography (PET), and small-animal SPECT/CT. Mice were anesthetized with 2.5% isofluorane and kept under 1.0% isofluorane anesthesia throughout all imaging procedures. [ Diffusion-weighted MR images were acquired with a 4.7-T animal MR scanner (Avance, Brunker Biospin). A 2-cm RF coil built in-house was positioned around the abdominal part of the mouse that also encompasses the distal femur. Twelve slices, each 0.8-mm thick, were acquired over 20 min. All images were acquired with respiratory gating.
Small-animal SPECT/CT imaging of metastatic disease using the 111
In-labeled anti -HER-2/neu mAb 7.16.4 was also done. Mice bearing metastatic disease were injected i.v. with 200 ACi, at a specific activity of f10 mCi/mg and imaged with an X-SPECT scanner (Gamma Medica) at 1, 24, and 48 h postinjection. SPECT images were reconstructed and registered with CT images acquired immediately after the end of SPECT imaging using a commercially available software package. The radioactivity concentration in metastatic lesions in the bone marrow of the distal femur near the femoral-tibial joint at three time points after tracer injection was quantified. An insulin syringe with defined geometry (5.0 cm in length and 0.36 cm in diameter with a total volume of 500 AL) was used, and known activity of 111 InCl 3 (f10 ACi) was imaged and used as a reference for quantification of radioactivity.
Histopathology, immunohistopathology, and flow cytometry. Mice undergoing both bioluminescence imaging and radiological imaging were sacrificed after the last time point of the study. Femurs, tibia, lumbar and sacral regions of the spine, liver, spleen, lung, kidney, and heart were harvested and fixed in 10% formalin (Sigma) and embedded in paraffin, sectioned, and stained by H&E. Cells from the bone marrows of femur and tibia were flushed and harvested using a 26-1/2G syringe filled with PBS. Bone marrow cells from nude mice injected with luciferase-transfected NT2.5 cells were cultured and selected with a medium containing geneticin (Invitrogen). Bone marrow cells from neu-N mice injected with parental NT2.5 cells were cultured and propagated thrice using a 1:10 split ratio. Cell clones grown from both cultures were then stained with anti -HER-2/neu (7.16.4) and analyzed using FACSCalibur cytometer with CellQuest Pro software (BD Bioscience).
Results
Characterization of rat HER-2/neu and CXCR4 expression by NT2.5 mouse breast cancer cell line. The majority (>99%) of NT2.5 cells stained positive for rat HER-2/neu on the surface as determined by immunofluorescence staining and flow cytometry. Both quantitative flow cytometry and Scatchard analysis found f1.5 F 0.1 Â 10 5 rat HER-2/neu receptors on the surface of NT2.5 cells. The negative control cell line NT4 showed no staining and very low surface receptor expression (<1,000 receptors per cell). Using 7.16.4, an anti-rat HER-2/neu mAb, in the Scatchard analysis, the affinity constant was calculated as K D = 2.1 (nmol/L) -1 . We also surveyed the expression of CXCR4, a chemokine receptor previously reported to be involved in breast cancer metastasis to bone, and found expression on f17.3% of the NT2.5 cells. Rat HER-2/neu was also expressed on normal organs of neu-N mice as determined by Western blot. High expression was observed on the lungs and stomach, and low expression was found in the liver, spleen, and mammary gland. No expression was found on cells of the heart, kidneys, and intestines (Fig. 1A) .
Metastasis progression following left cardiac ventricular injection of NT2. Bioluminescence imaging of metastasis progression. Metatastatic progression in nude mice is shown with bioluminescence imaging on the first day, and 1, 2, and 3 weeks following left cardiac ventricular injection ( Fig. 2A) . Widespread metastases were observed at later stages of progression, accompanied by hind limb paralysis. There was very rapid progression from the 1-to 2-week period as quantification of the distal femur near the femoral-tibial joint areas confirmed that total photon flux increased from 3.46 Â 10 3 and 3.54 Â 10 3 photon/s to 1.58 Â 10 6 and 1.23 Â 10 6 photon/s for the right and left femur joint areas, respectively (Fig. 2B) . Flow cytometry for HER-2/ neu expression of luciferase-transfected cells harvested from the distal femur of the femoral-tibial joint is depicted in Fig. 2C .
However, slow to no metastatic progression was observed by bioluminescence imaging in neu-N mice 3 weeks after left cardiac ventricular injection (n = 3, data not shown). All mice remained viable during the period of monitoring (2 months). That was probably due to immune rejection of luciferasetransfected cells by the immunocompetent neu-N mice. Thus, small-animal imaging, such as MRI, small-animal SPECT/CT, and small-animal PET was assessed as a feasible approach to imaging metastatic progression in these immunocompetent animals.
Small-animal imaging, in vivo, of metastatic progression by MRI, small-animal PET, and small animal SPECT/ CT. (Fig. 3B, arrowheads) , indicating locally active tumor metabolism. Diffusion-weighted MRI revealed metastatic cell infiltration around the regions of the bone marrow (Fig. 3C) . Multiple tumor foci are visible in a series of contiguous (0.8-mm-thick) slices with tumors (areas with higher diffusion rate) emanating from marrow spaces in both femurs (slices 2, 3, and 4; broken line circle) and vertebral bodies (slices 4 and 5, rectangle; slices 6 and 7, circle). Smallanimal SPECT/CT imaging of this metastasis model by using 111 In-labeled anti-rat HER-2/neu mAb (7.16.4) is shown in Fig. 4 . A series of small-animal SPECT/CT images at 1, 24, and 48 hours following In-7.16.4 to normal organs expressing rat HER-2/neu cannot be detected directly by small-animal SPECT/CT probably because the expression level is too low compared with tumor. In contrast to the localization kinetics observed for the s.c. tumor, increased signal intensity at a focal point in the distal femur near the femoral-tibial joint can be seen at 1 hour following 111 In-7.16.4 injection (Fig. 4B) . The same focal point was detected at 24 and 48 hours following 111 In-7.16.4 injection, which suggests rapid access to micrometastases by 111 In-7.16.4 compared with s.c. tumors. Quantification of the focal uptake in the femur-tibial joint showed that the 1-hour uptake level was approximately the same as that at 48 hours. Due to the limited field-of-view of the SPECT camera, imaging of liver and spleen were done in a separate mouse (Fig. 4C) . All imaged metastatic foci were confirmed by necropsy and histopathology.
Histopathology of breast cancer metastasis. H&E staining of metastatic tumor in various tissues following left cardiac ventricular injection is shown in Fig. 5 . Invasion of the marrow in the distal femur by tumor cells is evident. Osteolysis of the trabecular bone, commonly observed in breast cancer bone metastasis, can be seen in an enlarged area near the femoral-tibial joint (Fig. 5A) . Disseminated tumor cells can also been seen to invade and cause lysis of vertebral bone (Fig. 5B) and impinge on the spinal cord, which may have led to hind limb paralysis. Widespread liver metastases were also confirmed with histopathologic staining of diseaseladen liver (Fig. 5C) . Expression of HER-2/neu on metastatic tumor cells in the area near the femoral-tibial joint was confirmed by flow cytometry of the cultured cells collected from bone marrow (Fig. 5D ).
Discussion
In this study, we describe an immunocompetent transgenic mouse model of metastatic breast cancer and provide small-animal imaging and histopathologic characterization of this model. Metastatic lesions in the bone marrow, liver, and spleen were detected using small-animal MRI, small-animal PET, or small-animal SPECT/CT. Commonly used bioluminescence imaging of metastatic disease was unsuccessful in immunocompetent neu-N mice probably because metastatic seeding of luciferase-transfected NT2.5 cells did not occur due to immune rejection of tumor cells. Such seeding occurred, however, in an immunodeficient nude mouse model, and bioluminescence imaging was shown in the nude mouse model. Longitudinal imaging with small-animal SPECT/CT in the model provided convincing evidence that radiolabeled antibody could quickly reach and bind to metastatic cells in the bone marrow. This immunotolerant mouse model with multiorgan metastases provides a clinically relevant animal model for better evaluation of immunotherapy as well as feasible imaging modalities to monitor disease progression following therapy.
In vivo molecular imaging of key tumor properties along the pathways of cancer mutation and progression have been intensively researched, such as apoptosis (25) , hypoxia and angiogenesis (26) , gene expression and regulation (27, 28) , metabolism (29) , and, more recently, host tumor microenvironment interaction (30, 31) . Whole-body imaging of metastatic progression has also been possible due to the development of novel bioluminescence and fluorescent imaging techniques (12, 15) . Nevertheless, the complex interaction between metastatic invasion and the host immune system has not been completely studied, although disruption of normal tissue architecture by metastatic cells and the ability/inability of the host immune system to respond is believed to be critical to our understanding of metastasis (32) . Moreover, numerous immune-mediated cancer treatments have shown that immunotolerance, the inability of the host immune system to recognize and eradicate self-antigens expressed on tumors, can be further aggravated by the tumor induced highly suppressive immune microenvironment containing a complex network of cytokines and various immunosuppressive cells, such as T regulatory cells (33, 34) , natural killer T cells (35) , myeloid suppressor cells (36, 37) , and tumor-associated macrophages (38) . A metastatic immunotolerant mouse model can, therefore, provide better prediction of clinical outcomes for novel immunotherapies.
Metastatic mouse models induced based on transplantation of green fluorescent protein, luciferase, or quantum dotlabeled cancer cells are widely used in evaluation of novel treatments of metastasis. The expression of foreign antigens in these cancer cells, however, can elicit immunogenic responses in immunocompetent hosts that might not only affect the progression of disseminated disease but also cause undesirable immune reactions in evaluating immune-based treatments. In fact, green fluorescent protein has been used in an adjuvant setting to augment tumor-specific T cells (39) . Noninvasive radiological imaging modalities, more easily translated into clinical practice, are therefore more suitable for monitoring treatment efficacy of immunotherapies in preclinical studies. Small-animal imaging modalities such as small-animal PET, small-animal SPECT, and MRI have already been applied to tracking immune cells in cancer therapies, such as T lymphocytes (40, 41) and dendritic cells (42) . In vivo monitoring of the response of metastasis to T lymphocytes and the possible induction of anergy in these T cells will be of great interest and can now be possible with the use of such immunotolerant metastatic models.
In using radiolabeled antibody imaging to evaluate the pharmacokinetics of targeting metastatic disease or to monitor disease progression, the possible effect of the antibody itself on disease progression must be considered. In these imaging studies, the protein dose of antibody used for imaging was substantially below the levels known to lead to therapeutic effects (43) .
Although left cardiac ventricular injection is effective and has been previously used to induce metastases, the metastatic cells thus generated probably do not accurately model spontaneous metastases. Even in an immunotolerant model, tumor cells introduced by left cardiac injection have not undergone the initial selection of intravascular invasion. Orthotopic implantation of tumor cells followed by surgical resection of the primary tumor can lead to spontaneous metastasis many days later (10) . More recently, many efforts have been made to generate genetic mouse tumor models that have the ability of spontaneously metastasizing to different organs (44) . We believe that the small-animal imaging modalities described in this study will also be useful for the monitoring of metastatic progression and response to therapy in these models.
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